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In Drosophila, the RNA helicase VASA (VAS) is required for both germ line formation and oocyte differentiation. While the murine VAS
homologue is required for spermatogenesis, it is dispensable for germ line formation. The molecular basis for this apparently dual role of
VAS in germ line ontogeny is, however, unclear. Recent evidence indicates that fish, like flies, employs VAS both in early and late stages of
the germ line development and that there is a sex-linked differential expression of splice variants. We show here that the longer of two splice
variants of zebrafish vas is transiently downregulated in the germ line around the time when the germ cells reach the developing gonad. Using
transgenic vas::EGFP fish lines, which allow us to distinguish between male and female individuals, we show that the long splice variant
reappears in both sexes at around day 25 and is subsequently downregulated during male gonadal development. Our data further suggest that
there is a switch from maternal to zygotic expression of the long splice variant of vas as sexual dimorphic development commences.
D 2004 Elsevier Inc. All rights reserved.Keywords: Germ line; Vasa; Gonadal development; Splice variants
Introduction Yoon et al., 1997). In early larval stages, the PGCs areA zebrafish embryo has the potential to develop either as
a male or a female. Yet, no sex chromosomes have been
identified in zebrafish (Endo and Ingalls, 1968). Until
recently, only adult fish could be scored as males or females
by external phenotypic traits (Westerfield, 1995).
Histological methods have been used to describe germ
cell and gonadal development in zebrafish. Germ-soma
segregation is completed around the late sphere stage,
approximately 4 h post-fertilization (Olsen et al., 1997;
Yoon et al., 1997). At this stage, four evenly spaced
primordial germ cells (PGCs) near the blastoderm margin
can be identified (Yoon et al., 1997). During subsequent
development, these cells undergo a couple of cell divi-
sions to form four clusters of PGCs, which eventually
combine in two clusters, migrate towards the regions
where the future gonads will form, and finally enter
gametogenesis (Braat et al., 1999a; Olsen et al., 1997;0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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gonadal anlagen arise (Braat et al., 1999b; Yoon et al.,
1997).
Histological studies have implicated that juvenile zebra-
fish first develop undifferentiated ovary-like gonads, a
phenomenon called juvenile hermaphroditism (Maack and
Segner, 2003; Takahashi, 1977; Uchida et al., 2002). The
first signs of morphological differentiation of the gonads
appear to take place around day 21–28 post-fertilization
(Maack and Segner, 2003; Takahashi, 1977; Uchida et al.,
2002). The current view is that sexual dimorphic develop-
ment of the gonads of such strains involves a transition of
the protogynic gonad into distinct female and male gonads,
where oocyte apoptosis is thought to play a role in testis
development (Takahashi, 1977; Uchida et al., 2002).
According to two previous studies (Takahashi, 1977;
Uchida et al., 2002), sexual differentiation appears to be
completed around day 30. In a recent study, testis-like
gonads were first identified in 49-day-old fish (Maack and
Segner, 2003). Transgenic zebrafish lines where EGFP
expression is driven by the medaka h-actin promoter are
now available (Hsiao and Tsai, 2003). These lines reveal
sexual dimorphic expression of EGFP in the gonads of
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typic sex.
Several molecular markers for PGCs have been identified
for zebrafish (reviewed in Raz, 2003). One of these is vas,
which is expressed at all developmental stages of the
developing germ line, except mature sperm (Braat et al.,
1999b; Olsen et al., 1997; Yoon et al., 1997). Vas was first
identified in Drosophila as a maternal-effect gene, and it
encodes a DEAD-box RNA helicase (Hay et al., 1988;
Lasko and Ashburner, 1988). In Drosophila, vas is required
for both the formation of PGCs and oocyte differentiation
(Lehmann and Nusslein-Volhard, 1991; Schupbach and
Wieschaus, 1986; Styhler et al., 1998; Tomancak et al.,
1998). Homologues of vas have been identified in several
other species (Fujiwara et al., 1994; Komiya et al., 1994;
Olsen et al., 1997; Roussell and Bennett, 1993; Yoon et al.,
1997). Vas-deficient mice displayed reproductive defects in
males only, where no sperm was detected in the testis
(Tanaka et al., 2000). Furthermore, vas splice-variants have
been reported to be differentially expressed during sex
differentiation in tilapia (Kobayashi et al., 2002). These
studies indicate that vas or specific isoforms of VAS
regulate different aspects of germ line development, includ-
ing oogenesis and/or spermatogenesis.
Only the zygotic function of vas appears to be conserved
throughout evolution (Tanaka et al., 2000). In flies, maternal
VAS protein is still detectable in the PGCs after the
completion of germ cell migration (Styhler et al., 1998).
Soon after gastrulation, from embryonic stage 12, vas is
expressed zygotically in the PGCs (Van Doren et al., 1998).
The onset of zygotic transcription in the germ line of
zebrafish has been studied by Knaut et al. (2000) and
Krøvel and Olsen (2002). By following the activation of
the paternal vas allele in hybrid embryos, zygotic transcrip-
tion of vas was detected during early embryogenesis from
the late sphere stage (Knaut et al., 2000). In contrast,
experiments with transgenic vas::EGFP lines revealed no
zygotic activation of the transgene during embryogenesis
and larval development (Krøvel and Olsen, 2002). In the
transgene used in the latter study, the EGFP reporter gene is
flanked by a region spanning the vas promoter extending
into exon 4, and the 3V UTR and 1.7 kb of downstream
sequences (Krøvel and Olsen, 2002). In addition to the
putative core promoter, the 5V UTR and the third intron of
the vas::EGFP transgene are thought to contain regulatory
elements important for directing stable EGFP expression,
whereas the 3V UTR contains RNA localization signals
(Knaut et al., 2002; Krøvel and Olsen, 2002).
In this study, we have used RT-PCR analysis and
transgenic vas::EGFP zebrafish lines to address the mater-
nal and zygotic contribution of vas during zebrafish germ
line development. We describe the expression profiles of
two splice variants of vas during zebrafish ontogeny. We
find that both splice variants of vas are maternally provided,
where expression of the longer splice variant is differentially
expressed during gametogenesis. Furthermore, we observe amaternal contribution of the vas::EGFP transgene up to the
onset of sex differentiation. As development proceeds, the
vas::EGFP transgene displays sex-specific zygotic expres-
sion during gonadal development.Materials and methods
The following zebrafish lines were used: the Tu¨bingen/
AB strain and vas::EGFP transgenic lines described in
Krøvel and Olsen (2002). The vas::EGFP transgene con-
sisted of the EGFP reporter flanked by 8.3 and 2.3 kb
genomic sequences of vas, respectively. The 5V and 3V flanks
consisted of a region spanning the vas promoter extending
into exon 4 and downstream sequences of the stop codon,
respectively.
In this study, we collected fish from all relevant life
stages to cover the known window of sexual or gonadal
differentiation. Fish were sampled during the transition
period of the protogynic gonads into distinct female and
male gonads (3–4 weeks old fish) and during subsequent
differentiation of the gonads into mature gonads (6–10
weeks old fish).
Reverse transcriptase polymerase chain reaction
Total RNA isolated from zebrafish embryos, juveniles,
ovaries, and testis using the Trizol reagent (Invitrogen) or
NucleoSpin RNA II kit (Clontech) was reverse transcribed as
described previously in Olsen et al. (1997). For the reverse
transcription, 3 Ag RNAwas used and the reverse transcrip-
tion was primed with oligo dT (Ambion). Fragments of 115
and 160 bp were amplified from first strand cDNAs by PCR
using primers specific for exon 2 and 6 of the vas locus. The
primers were vlg 15+ (5V-CCC AAT ATG GAT GAC TGG
GAG-3V) and vlg 65 (5V-GTC ATT TTC CAT GAG CTA
CC-3V). Amplification of actin was carried out using the
primers A4+ (5V-GAG AAG ATC TGG CAT CAC ACC
TTC-3V) and A5 (5V-GGTCTCGTGGATACCGCAAGA
TTC-3V). PCR amplification was performed using the Ampli-
Taq Gold PCR system (Perkin–Elmer). After the initial
denaturation step, the PCR consisted of 35 cycles at 96jC
for 30 s, 55jC for 30 s, and 68jC for 1 min. The PCR
products were analyzed by gel electrophoresis using a 3%
agarose gel and their identity confirmed by sequencing. DNA
sequencing reactions was performed using the ABI PRISMk
Big Dye Terminator Cycle Ready Reaction Kit version 2
(Applied Biosystems) and subsequently analyzed on an ABI
PRISM 3700 DNA analyzer.
Histological analysis, fluorescence microscopy, and
imaging
Fish sampled for histological examination were fixed in
4% PAF/PBS (pH 7.2) for 24 h to several days at 4jC. After
fixation, the specimens were incubated in a 25% sucrose/30%
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were removed from the fish. Then the specimen was placed in
a mold containing 100% Tissue Tek, oriented in an anterior–
posterior position to the bottom of the mold, and subjected to
rapid freezing on an iron-block precooled in liquid nitrogen.
Sections of 12 AM thickness were prepared using a Leica CM
1850 cryostat, air-dried, and stored at 80jC overnight.
Before microscopic analyzes the samples were rehydrated,
mounted in 50% glycerol, and subsequently examined by
fluorescence microscopy using a Leica TCS laser-scanning
microscope equipped with Leica Power-Scan software.Results
Expression of splice variants of vas during zebrafish
ontogeny
We have previously described the zebrafish vas gene,
which in this organism is a single copy locus (Krøvel and
Olsen, 2002). Comparison of this genomic sequence
(AJ311625) to the published vas cDNAs (AB005147, Yoon
et al., 1997; Y12007, Olsen et al., 1997) suggested that two
splice variants of vas exist. While the long vas cDNA (vas-l;
AB005147) contains all exons, the shorter vas cDNA (vas-
d4; Y12007) lacks exon 4 (Fig. 1A). All our RT-PCR sizeFig. 1. Analysis of the expression levels of the splice variants vas-l and vas-d4 du
star points to the alternatively spliced exon 4, which is colored purple. Exons enco
in blue and pink colors, respectively. Only the 5V region of the splice variants vas-l
coding region of the spliced transcripts, respectively. The primers used for the am
extracted from pools of individuals, of the indicated developmental stages, was su
days 0–20 and 20–48, respectively. For day 70, RNA isolated from one female
carried out with oligo dT whereas the pair of primers for amplification of the two s
of actin (lower panel) as a control for cDNA synthesis and loading was performed
size marker. Abbreviations: hours post-fertilization (hpf), days post-fertilization (and sequence data obtained since then are consistent with
only exon 4 being alternatively spliced. Recently, it was
reported that vas-l is 10 times more abundant in ovaries and
embryos compared to testis (Bartfai and Orban, 2003).
To examine the temporal expression profiles of these two
splice variants of vas during ontogeny, an RT-PCR analysis
was performed. Using a pair of primers specific for exon 2
and 6 in the PCR amplification step, two bands of 115 and
160 bp were amplified and their identity confirmed by DNA
sequencing. As shown in Fig. 1B, both vas-l and vas-d4
were easily detectable during early development up to at
least 2 days post-fertilization (dpf). During subsequent
stages of development (5–28 dpf) vas-d4 appeared as the
major form, whereas the long splice variant vas-l was barely
detectable. Thereafter, the level of vas-l transcripts increased
during gonadal development (Fig. 1B, 28–70 dpf).
Maternal and zygotic contribution of the vas::EGFP
transgene
The vas transcripts present in early embryos are of
maternal origin. Initiation of zygotic vas expression occurs
from the late sphere stage (Knaut et al., 2000). In contrast, we
could not observe any zygotic gene expression of a
vas::EGFP transgene during embryogenesis and early larval
development, where the 5V flank of the reporter gene EGFPring zebrafish ontogeny. (A) Schematic representation of the vas locus. The
ding the RGG region and the helicase domain of the VAS protein are shown
and vas-d4 are depicted here. Thin and thick boxes illustrate 5V UTR and the
plification of the two depicted splice variants are shown. (B) Total RNA
bjected to RT-PCR. Material was from a pool of 40 and 20 fish throughout
was mixed with RNA isolated from one male. Reverse transcription was
plice variants of vas (upper panel) was vlg 15+ and vlg 65. Amplification
with the primers A4+/A5. Lane M contains the 100-bp ladder molecular
dpf).
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extending into exon 4 (Krøvel and Olsen, 2002, Fig. 2A). To
determine when zygotic transcription from the vas::EGFP
transgene commences, we have analyzed progeny inheriting
the transgene through males. We observe the first green
fluorescent germ cells in the gonads at day 21–23, a finding
consistent with the transgene being activated around onset of
sexual differentiation (Uchida et al., 2002, data not shown,
Fig. 2B, panels 25 dpf).
To examine whether the maternal contribution of the
transgene persisted in progeny up to around day 21–23, we
crossed heterozygous transgenic vas::EGFP females to
nontransgenic males and followed their progeny for
VAS::EGFP protein expression by fluorescence microscopy.
From such crosses, 50% of the progeny will carry the
transgene. All progeny exhibit germ cell expression ofFig. 2. Differential expression of the vas::EGFP transgene during gonadal sex diffe
and introns are represented by boxes and broken lines, respectively. Thin horizonta
the putative initiation transcription site and the poly-A site, respectively. The green
(left panels) and ‘‘faint’’ (right panels) vas::EGFP transgenic fish at the stages ind
(C) Differential expression of vas-l in ‘‘bright’’ (b) and ‘‘faint’’ (f) fluorescent ju
displayed in their gonads (at day 25) or the type of fluorescent patterns (at day 30
same primers as described in Fig. 1. Six individuals (three of each type) at each sta
here. Amplification of actin (lower panel) was performed to control for both cDNA
specific patterns of the splice variants of vas in a mature male (M) and female (F), r
and the belly together with the color of the skin were used as external phenotypic t
or testes was used, revealing the two same patterns. Lane Std contains the 100-bp l
‘‘bright’’ (left panels) and ‘‘faint’’ (right panels) fluorescent fish using the same cri
were examined at each developmental stage. Sections of 12-Am thickness through
Leica TCS laser-scanning microscope. For each fluorescent image, the scale bar is
cortical alveolar oocyte (ca).VAS::EGFP up to day 21–23 due to the maternally depos-
ited gene products. During subsequent development, ap-
proximately 50% of the analyzed juveniles maintained
VAS::EGFP positive germ cells. Taken together, these
findings support a model where de novo transcription of
the transgene coincides with the disappearance of the
VAS::EGFP protein synthesized from maternally provided
messages.
Differential expression of the vas::EGFP transgene during
gonadal sex differentiation
To follow the expression of the vas::EGFP transgene
during gonadal sex differentiation, juveniles were examined
by fluorescence microscopy. At 25 dpf, two different types
of fluorescent signals were observed, individuals with arentiation. (A) Schematic representation of the vas::EGFP transgene. Exons
l lines illustrate the 5V and 3V flanking regions upstream and downstream of
arrow depicts the reporter gene EGFP. (B) Fluorescence images of ‘‘bright’’
icated. White arrows point to the gonads containing fluorescent germ cells.
veniles. Fish were sorted according to the type of fluorescent signal they
–70) and assayed for the presence of vas-l and vas-d4 by RT-PCR using the
ge were examined by RT-PCR. Only the data from one individual is shown
synthesis and loading. The two last lanes serve as a control for the two sex-
espectively. In this particular experiment, both the size and shape of the fish
raits to sex adult fish. In other experiments, only RNA isolated from ovaries
adder molecular size marker. (D) Histological examinations of the gonads of
teria for selection as described in C. Three bright and three faint individuals
the gonads of transgenic fish analyzed by fluorescence microscopy using a
given. Abbreviations: days post-fertilization (dpf), perinucleolar oocyte (po),
Fig. 2 (continued).
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and fuzzy signal (Fig. 2B, panels 25 dpf). We refer to those
as ‘‘bright’’ and ‘‘faint’’ fluorescent individuals, respective-
ly. As development proceeds, two clearly distinct fluores-
cent patterns in the gonads were observed (Fig. 2B, panels
40 and 70 dpf). In the medaka strain QurtE, the appearance
of leucophores during embryogenesis is sex-linked, allow-
ing males to easily be distinguished from females (Wada et
al., 1998). When such a line was used as carrier for the
medaka vas::GFP transgene, sexual dimorphic expression
of this transgene was revealed during gonadogenesis
(Tanaka et al., 2001). We therefore speculated that the two
fluorescent patterns observed during gonadal development
are also sex-linked.
While some fish species like medaka and tilapia have sex
chromosomes, the genetic basis for sex determination inzebrafish is not understood (Devlin and Nagahama, 2002).
In tilapia, two splice variants of vas have been described and
shown to display sex-specific expression patterns during
germ cell differentiation (Kobayashi et al., 2002). In zebra-
fish, vas-l displayed differential expression in mature
females and males (Bartfai and Orban, 2003).
To investigate whether the two identified fluorescent
patterns observed during gonadal development of trans-
genic vas::EGFP fish are indeed sex linked, single trans-
genic zebrafish were sorted as ‘‘bright’’ and ‘‘faint’’
fluorescent individuals and analyzed for the presence of
vas-l and vas-d4 transcripts by RT-PCR (Fig. 2C). At 19
dpf, before the vas::EGFP transgene displayed the two
different types of green fluorescent patterns, only splice
variant vas-d4 was detected (Fig. 2C, lanes 1–2). On day
25, vas-l is present at lower levels than vas-d4 (Fig. 2C,
lanes 3–4). Although small amounts of vas-l transcripts
are present in both ‘‘bright’’ and ‘‘faint’’ fluorescent
individuals, no apparent difference in the level of vas-
l transcripts was observed. On day 30, the level of vas-
l expression was clearly different in ‘‘bright’’ and ‘‘faint’’
fluorescent fish, where the ‘‘bright’’ fluorescent juvenile
contained higher levels of vas-l as compared to the ‘‘faint’’
fluorescent fish (Fig. 2C, lanes 5–6). As gonadal deve-
lopment proceeded, the difference in the level of vas-
l between ‘‘bright’’ and ‘‘faint’’ fluorescent individuals
became more pronounced, and high levels of vas-l was
always linked to ‘‘bright’’ fluorescent fish (Fig. 2C, lanes
7–10). These results show that ‘‘bright’’ and ‘‘faint’’
fluorescent fish exhibit two distinct patterns of splice
variants of vas during gonadogenesis. As shown in Fig.
2C (lanes M and F), mature nontransgenic males appear to
express only the splice variant vas-d4 whereas both splice
variants are present at similar levels in mature nontrans-
genic females.
Based on the two observed patterns of vas splice variants
in adult males and females (Fig. 2C, lanes M and F), the
above results strongly suggest that the ‘‘bright’’ and ‘‘faint’’
fluorescent VAS::EGFP individuals undergo female and
male development, respectively.
To determine whether the morphological features of the
developing gonads of ‘‘bright’’ and ‘‘faint’’ fluorescent
individuals correspond to female or male gonadal develop-
ment, histological examination of their gonads was per-
formed, using the same criteria for selection of individuals
as in the above RT-PCR experiment. At day 25, two distinct
morphological patterns of the gonads were observed (Fig.
2D, compare the 25 dpf panels). The gonads of ‘‘bright’’
fluorescent individuals were tightly packed with germ cells
of different sizes. Some of these cells were much larger than
those found in the gonads of ‘‘faint’’ fluorescent juveniles.
The large germ cells in the gonads of ‘‘bright’’ fluorescent
individuals may represent perinucleolar oocytes (Maack and
Segner, 2003; Tyler and Sumpter, 1996; Uchida et al.,
2002). Such fish were therefore classified as females. In
‘‘faint’’ fluorescent juveniles, elongated germ cells of more
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fish were scored as males.
As development proceeded, the germ cells of ‘‘bright’’
fluorescent individuals increased in size as well as the size
of their gonads (Fig. 2D, left panels). Large numbers of
perinucleolar oocytes were found in the gonads of 30-day-
old ‘‘bright’’ fluorescent individuals. Cortical alveolar
oocytes were identified from day 50 onwards. From day
30, the size of the gonads of the ‘‘faint’’ fluorescent
individuals was clearly smaller, and the morphology of the
germ cells was completely different compared to those of
‘‘bright’’ fluorescent juveniles. The histological analyses are
consistent with that ‘‘bright’’ and ‘‘faint’’ fluorescent
VAS::EGFP juveniles are undergoing female and male
gonadal development, respectively. The two fluorescent
patterns revealed during zebrafish oogenesis, and spermato-
genesis appear similar to the fluorescent patterns reported
for genetically sexed medaka vas::GFP transgenic females
and males (Tanaka et al., 2001). When single transgenic
zebrafish, sorted around day 25, as ‘‘bright’’ and ‘‘faint’’
fluorescent individuals was raised to sexual maturity,
females and males were found in these two subpopulations,
respectively.
Thus, the two fluorescent VAS::EGFP proteins pattern
are sex-linked in zebrafish and permits the identification of
sex of single juveniles as early as day 25 after fertilization.Discussion
Developmental patterns of maternal and zygotic splice
variants of vas
In this study, we have examined VAS::EGFP protein
synthesized from maternal and zygotic transcripts. Previous
work has shown that zygotic activation of vas occurs during
early embryogenesis just before the PGCs embark on germ
cell migration (Knaut et al., 2000; Weidinger et al., 1999). In
medaka, zygotic transcription of the endogenous vas gene
and the vas::GFP transgene occurs from the late morula and
gastrula stage, respectively (Tanaka et al., 2001). Here we
find that there is a maternal contribution of the vas::EGFP
transgene up to 22 dpf followed by the appearance of
VAS::EGFP protein synthesized from zygotic vas::EGFP
transcripts. Although zygotic transcription of vas occurs
during germ cell migration in Drosophila, maternal VAS
protein persists in the PGCs after germ cell migration is
completed (Styhler et al., 1998). Like in tilapia (Kobayashi
et al., 2002), we find that different splice variants of vas
exist in zebrafish, where vas-l is regulated in a develop-
mental specific fashion. While vas-d4 is present throughout
all stages, our RT-PCR data revealed that vas-l is barely
detectable from day 3 to 25. In zebrafish, zygotic gene
expression is initiated around midblastula transition (Kane
and Kimmel, 1993). Our findings are consistent with that
vas-d4 and vas-l are maternally provided to the embryo.Furthermore, the RT-PCR data suggest that zygotic produc-
tion of splice variant vas-l commences during sexual di-
morphic development. Thus, the fact that two splice variants
of vas exist in zebrafish may explain the discrepancy in
initiation of zygotic vas expression (Knaut et al., 2000;
Krøvel and Olsen, 2002).
Based on the available data, we propose a model for the
maternal and zygotic contribution of the two splice variants
of vas-l and vas-d4 during zebrafish ontogeny (Fig. 3). In this
model, the levels of both maternal splice variants of vas
decline significantly during early development. Since Knaut
et al. (2000) did not discriminate between splice variants in
their assay, we propose that only vas-d4 mRNAs are pro-
duced from zygotic vas pre-mRNAs from the late sphere
stage onwards. It should be noted that the vas::EGFP
precursor mRNA contains a truncated exon 4 (see Fig. 3).
Assuming that zygotic precursor vas::EGFP transcripts are
being produced during embryogenesis, the vas::EGFP trans-
gene will fail to report zygotic transcription. Our experiments
are consistent with that VAS::EGFP protein synthesized from
maternal vas::EGFP messages persists up to 22 days post-
fertilization. Both our genetic and RT-PCR analyses support
zygotic production of splice variant vas-l from the onset of
sex differentiation, a splice variant that become differentially
expressed during gonadal development.
Studies of sex determination in Drosophila have revealed
that regulation of alternative splicing plays an important role
in controlling sexual identity, a process leading to the
establishment of sex-specific splicing patterns of defined
target pre-mRNAs (Cline and Meyer, 1996; MacDougall et
al., 1995). One plausible explanation for the observed
sexual dimorphic expression pattern of the splice variant
vas-l during zebrafish gonadal development may be that a
splicing regulator that promotes skipping of exon 4 from the
vas pre-mRNAs is upregulated during male but not female
gonadal development.
A role for vas in regulating oogenesis and/or
spermatogenesis?
At which time during ontogeny can sexually distinct
gonads be identified in zebrafish? The first signs of mor-
phological alterations of the gonads become apparent from 3
to 4 weeks post-fertilization when a transition of the proto-
gynic gonad into distinct female and male gonads takes
place (Maack and Segner, 2003; Takahashi, 1977; Uchida et
al., 2002). We have investigated gonadal development of
transgenic vas::EGFP juveniles and found that we can use
the two VAS::EGFP patterns as a marker for determining the
phenotypic sex in live fish from the onset of gonadal
differentiation. These studies revealed that morphological
distinct gonads are noticeable at day 25, shortly after the
onset of new synthesis of vas-l, supporting previous work
(Uchida et al., 2002). At this stage, the size of the gonads of
both sexes appears similar. However, the morphology and
the organization of the germ cells within in the gonads are
Fig. 3. (A) Maternal and zygotic contribution of vas during zebrafish ontogeny. In this model, both splice variants of vas (m vas-l, red line; m vas-d4, blue line)
are maternally provided to the embryo and become eliminated from the early embryo through degradation. Onset of zygotic transcription occurs at the late
sphere stage (4 h post-fertilization, based on Knaut et al., 2000) and results in the production of only splice variant vas-d4 (z vas-d4; black line). VAS::EGFP
protein synthesized from maternal provided messages (m VAS::EGFP, red stipple line, our findings) persists up to sex determination (around day 22). New
synthesis of isoform VAS::EGFP (z VAS::EGFP; green lines; our findings) occurs during gonadal development. This isoform is differentially expressed during
female (z VAS::EGFP O; green line) and male (Z VAS::EGFP S; green stippled line) development. Abbreviations: maternal (m), zygotic (z), oogenesis (O),
spermatogenesis (S), days post-fertilization (dpf). This model is based solely on arbitrary units. (B) The vas::EGFP transgene and splice variants. Schematic
representation of the vas::EGFP pre-mRNA depicting possible splice variants. Fluorescent protein is only produced from the full-length mRNA, which harbors
the complete EGFP region. From the other splice variant, the region containing the incomplete exon 4 fused in frame with EGFP has been spliced out, from
which no functional reporter protein can be synthesized. Exons and introns are depicted in gray boxes and broken lines, respectively. The reporter is depicted in
green. Note that exon 4 is incomplete.
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either ovarian or testis appearance. Thus, sex differentiation
appears to be completed before this stage in agreement with
previous data (Uchida et al., 2002).
Transgenic zebrafish lines where EGFP is driven by the
medaka h-actin promoter have also recently been reported
to display sexual dimorphic expression of EGFP in juvenile
gonads at around day 34 (Hsiao and Tsai, 2003). This
transgene was, however, neither expressed during early
germ line development nor during spermatogenesis (Hsiao
and Tsai, 2003).
The differential expression of vas splice variants during
germ cell differentiation in zebrafish and tilapia raises the
question whether there is a role for the different splice
variants in regulating oogenesis and/or spermatogenesis in
these species. The VAS-L isoform contains an additional 16
amino acids in its N-terminal region compared to the trun-
cated VAS-y4 isoform. The amino acid sequence encoded by
the alternative spliced exon has not yet revealed any clues to
the functional difference of the two VAS isoforms. One
should note that the alternatively spliced exons in tilapia
vas are different from those in the zebrafish gene.
Previous studies have revealed that vas is required during
female or male gametogenesis in Drosophila and mice,
respectively (Lehmann and Nusslein-Volhard, 1991; Styhler
et al., 1998; Tanaka et al., 2000; Tomancak et al., 1998).Thus, it appears that the function of vas during gametogen-
esis is conserved throughout evolution. Further investigation
of the splice variants vas-l and vas-d4 will be important for
unraveling their functions during zebrafish gametogenesis.
Furthermore, factors controlling this sex-linked alternative
splicing will be sought.Acknowledgments
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